We report a strong, laser-field induced modification of the propagation direction of ultrashort electron pulses emitted from nanometer-sized gold tapers. Angle-resolved kinetic energy spectra of electrons emitted from such tips are recorded using ultrafast near-infrared light pulses of variable wavelength and intensity for excitation. For sufficiently long wavelengths, we observe a pronounced strong-field acceleration of electrons within the field gradient at the taper apex. We find a distinct narrowing of the emission cone angle of the fastest electrons. We ascribe this to the field-induced steering of subcycle electrons as opposed to the diverging emission of quiver electrons. Our findings are corroborated by simulations based on a modified Simpleman model incorporating the curved, vectorial field gradient in the vicinity of the tip. Our results indicate new pathways for designing highly directional nanometer-sized ultrafast electron sources. DOI: 10.1103/PhysRevLett.109.244803 PACS numbers: 41.75.Jv, 34.50.Fa, 79.60.Jv, 79.70.+q In atomic and molecular systems, the interaction of electrons with strong laser fields approaching or exceeding the interatomic field strength gives rise to a wealth of interesting phenomena, including high harmonic generation [1-3], attosecond streaking [4] [5] [6] [7] , or the generation of attosecond electron wave packets for tomographic imaging of molecular orbitals [8] . Quite recently, the first observations of strong-field phenomena in the interaction of light with solid state nanostructures have been reported, including ponderomotive acceleration and carrier-envelope phase effects in photoemission from metallic surfaces [9,10] and dielectric nanospheres [11] , or high harmonic generation from plasmonic nanoantennas [12, 13] . In particular, sharp nanometer-sized metallic tips are emerging as a test bed for exploring various strong-field phenomena, revealing, for instance, multiphoton ionization (MPI) [14, 15] , above threshold ionization (ATI) [16] , and optical field emission [17, 18] regimes.
We report a strong, laser-field induced modification of the propagation direction of ultrashort electron pulses emitted from nanometer-sized gold tapers. Angle-resolved kinetic energy spectra of electrons emitted from such tips are recorded using ultrafast near-infrared light pulses of variable wavelength and intensity for excitation. For sufficiently long wavelengths, we observe a pronounced strong-field acceleration of electrons within the field gradient at the taper apex. We find a distinct narrowing of the emission cone angle of the fastest electrons. We ascribe this to the field-induced steering of subcycle electrons as opposed to the diverging emission of quiver electrons. Our findings are corroborated by simulations based on a modified Simpleman model incorporating the curved, vectorial field gradient in the vicinity of the tip. Our results indicate new pathways for designing highly directional nanometer-sized ultrafast electron sources. In atomic and molecular systems, the interaction of electrons with strong laser fields approaching or exceeding the interatomic field strength gives rise to a wealth of interesting phenomena, including high harmonic generation [1] [2] [3] , attosecond streaking [4] [5] [6] [7] , or the generation of attosecond electron wave packets for tomographic imaging of molecular orbitals [8] . Quite recently, the first observations of strong-field phenomena in the interaction of light with solid state nanostructures have been reported, including ponderomotive acceleration and carrier-envelope phase effects in photoemission from metallic surfaces [9, 10] and dielectric nanospheres [11] , or high harmonic generation from plasmonic nanoantennas [12, 13] . In particular, sharp nanometer-sized metallic tips are emerging as a test bed for exploring various strong-field phenomena, revealing, for instance, multiphoton ionization (MPI) [14, 15] , above threshold ionization (ATI) [16] , and optical field emission [17, 18] regimes.
Strong-field photoemission from such metallic nanostructures differs substantially from that in atomic and molecular systems. Specifically, the large optical field enhancement f % 10 at the very apex of gold tapers [15, 17] greatly reduces the laser intensities needed to reach the strong-field regime and thus alleviates the need for high-power, low-repetition rate lasers. In addition, the decay length of the associated evanescent field is as short as a few nanometers only, resulting in strong gradients of the acceleration field seen by the photo-emitted electrons. This can suppress the quiver motion of the electrons within the oscillating electric field [19] once the near-field decay length l F becomes shorter than the quiver amplitude l q ¼ efE 0 =ðm! 2 Þ, where E 0 the denotes the field amplitude at frequency !, e the charge, and m the mass of the electron.
These field gradients may not only affect the kinetic energy but also the emission direction, i.e., the path of the photoejected electrons, potentially paving the way towards highly directional electron sources with femtosecond time resolution [17, 18, 20] . So far, however, little is known about light-driven modifications of electron pathways from such nanometer-sized tips. Previous experiments revealed emission cone angles of more than 30
, reduced by only a few percent when crossing the transition from multiphoton to strong-field emission [17] .
In this Letter, we study angle-resolved kinetic energy spectra of electrons emitted from sharp gold tips illuminated with intense ultrashort near-infrared (NIR) light pulses of variable wavelength and intensity. For sufficiently long laser wavelengths, we observe a distinct narrowing of the emission cone angle and hence a laserinduced steering of the electron motion. Our results are corroborated by a quasiclassical model for the electron motion incorporating the vectorial field gradient at the apex. These simulations suggest that this light-driven modification of the electron path is most efficient for those electrons that traverse the field gradient within less than half an optical cycle.
Photoelectrons are generated by focusing ultrashort NIR laser pulses onto sharp metallic tips [experimental setup in Fig. 1(a) ]. The NIR pulses are generated in a noncollinear optical parameteric amplifier delivering $30-fs pulses with a center wavelength tunable between 1.0 and 1:5 m and with a nonstabilized carrier-envelope phase. The metal tip is a sharply etched, single-crystalline gold taper [ Fig. 1(b) ] mounted inside a vacuum chamber. A new fabrication method described in Ref. [21] generates tips with an extremely small apex radius of around 7 nm.
To avoid pulse dispersion, all-reflective optics are applied and a Cassegrain objective is used to achieve tight focusing to <1:5 m [22] . The incident pulse energy is varied from 0.08 to 1.2 nJ, corresponding to peak intensities ranging from $10 11 to $1:8 Â 10 12 W=cm 2 and to Keldysh parameters ¼ ! ffiffiffiffiffiffiffiffiffiffiffi 2mÈ p =ðefE 0 Þ between 1.5 and 0.3 when taking a field enhancement factor f % 10 [15] and a work function È of 5.5 eV, thus crossing the transition from multiphoton to optical field emission [17] . Angle-resolved kinetic energy spectra are recorded with a hemispherical photoelectronspectrometer (PES) equipped with a twodimensional CCD detector. A Faraday cage (FC) is used to minimize static field distortions induced by nearby objects, i.e., the Cassegrain objective and sample translation stages. A transmission grating consisting of equally separated metallic wires in front of the FC allows for a precise measurement and correction of faint residual variations of the emission angle (< 0:05 =eV) using their shadow image when recording angle-resolved kinetic energy spectra at low laser pulse energy. This setup provides an energy resolution of $0:2 eV and an angular resolution of $0:1 . Angle-resolved energy spectra IðE kin ; Þ obtained by illuminating gold tips with 30-fs pulses of 1:5 m center wavelength and with pulse energies of 0.9 and 1.2 nJ are displayed in Figs. 1(c) and 1(d), respectively. Here, a small negative dc bias of U B $ 50 eV [in (c)] and $45 eV [in (d)] is applied to the tip to avoid static charging and undesired charged particle attachments during electron emission. The horizontal dark stripes are the shadows of the aforementioned metallic transmission grating in front of the Faraday cage. Two distinct features can be observed in Figs. 1(c) and 1(d). First, the kinetic energy distribution of the photoelectrons extends over broad ranges of $12 eV for 0.9 nJ and $20 eV for 1.2 nJ pulse energy. This is the signature of strong-field acceleration within the near field of the tip. The second and important observation is a qualitative difference in angular distribution: At 0.9 nJ pulse energy, the electrons are homogeneously distributed over a broad emission angle, whereas at 1.2 nJ we observe a narrowing of the emission cone angle, which becomes more pronounced as the kinetic energy increases. This latter observation is a clear indication for a laser-driven modification of the emission direction of the strong-field accelerated electrons.
To understand the microscopic origin of this steering phenomenon, we have recorded power-dependent angleintegrated spectra "
IðE kin Þ with a negative dc bias of U B $ 90 eV for different laser wavelengths. Figure 2 (a) displays spectra at 1 m and with pulse energies between 0.12 and 0.6 nJ. At low powers, we see a narrow emission spectrum characteristic for MPI. Its width is given by a convolution of electron temperature, laser spectral bandwidth, and spectrometer resolution. When increasing the pulse energy, its shape becomes broader, showing a more gradual exponential decay on the high-energy side, presumably reflecting the increase in electron temperature during the optical excitation [15] and the onset of ATI [23] . At the highest 
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. These spectra show little evidence for laser-induced electron acceleration, in agreement with predicted Keldysh parameters > 0:6. At such short wavelengths lower values are prohibited by thermal tip damage. This scenario changes drastically when increasing the excitation wavelength to 1:4 m [Fig 2(b) ]. While low-intensity kinetic energy spectra are again governed by MPI and ATI, much broader plateaulike spectra are revealed for pulse energies >0:1 nJ. The plateau region expands towards both sides until the width of the plateau exceeds 20 eV at 0.6 nJ. Compared to spectra known from high harmonic generation [1, 24, 25] , the relative intensity of the plateau with respect to the peak at U B is much more pronounced. Such plateaulike spectra have recently been observed for midinfrared wavelengths [19] and have been attributed to strong-field acceleration of electrons within the steep near-field gradient at the tip apex. Here, we observe such spectra for the first time for much shorter NIR wavelengths.
To account for these spectral shapes, we have performed numerical simulations of electron trajectories within an extended semiclassical Simpleman model [26] . We assume a two-dimensional hyberboloidal gold tip with an opening angle of ¼ 30 and use existing analytical expressions to describe the tip's near-fieldẼðr; tÞ [27] . We model the time structure of the field as a cosine carrier wave with frequency !, fixed carrier-envelope phase, CEP ¼ 0, and an envelope matching the experimental pulse duration. A FowlerNordheim equation [28] neglecting field-dependent barrier suppression and assuming electron generation only during negative half-cycles (electron acceleration away from the tip) describes the tunneling probability as a function of the birth time t ¼ '=! of the electron (': emission phase). Electron motion is simulated under the action of the force fieldFðr; tÞ ¼ q ÁẼðr; tÞ, treating recollisions with the tip as perfect elastic collisions with a yield of unity [16] . Kinetic energy spectra are generated by averaging over a distribution of emission phases and sites. Such a model has recently successfully been used to describe different strongfield photoemission phenomena [16, 19] and has been tested against different more refined approaches [29] . Within this model, the shape of the spectrum, in particular the amplitude and formation of the plateau region, depends sensitively on both the pondermotive potential U P ¼ ðefE 0 Þ 2 =ð4m! 2 Þ and the decay length l f , with a highenergy cutoff decreasing with decreasing l f and U p [19] . Figure 2(c) illustrates the kinetic energy distribution and the corresponding generation probability of electrons calculated as a function of the emission phase for an incident laser wavelength of 1:4 m. We find that the shape of the energy spectrum, specifically the plateau region, depends sensitively on the decay length l f . To approximate the spectrum in Fig. 2(b) , a rather small value of l f ¼ 1:5 nm and a field enhancement f ¼ 9 is needed. The absolute value of l f is sensitive to the tip geometry and slightly different values might be deduced for nonhyperboloidal shapes. This results in a near-field amplitude fE 0 ¼ 25:4 V=nm (at 0.6 nJ) and a quiver amplitude of l q ¼ 2:4 nm, which is substantially larger than l f . We thus estimate an adiabaticity parameter of ¼ l f =l q ¼ 0:63, indicating that these spectra probe electron dynamics in the subcycle regime [19] . Under these conditions, most of the electrons that leave the tip, namely those emitted for < 0:12, escape from the near-field zone within less than one optical cycle and directly traverse the short near-field gradient, resulting in a smooth, plateaulike kinetic energy distribution [gray shaded area in Fig. 2(c) ]. Only the remaining electrons ( ! 0:12) are in the traditional quiver regime. As a consequence, the kinetic energy minimum is shifted away from the maximum generation probability at ¼ 0, suppressing the strong low energy peak and enhancing the high-energy plateau region. As expected from l q / fE 0 , for higher pulse energies the plateau formation is progressively enhanced [ Fig. 2(d) ], in good qualitative agreement with the experiment. For the chosen pulse duration, the calculated spectra are essentially independent of ' CEP , whereas a phase-dependent cutoff energy is expected for much shorter pulses.
With this insight we can discern the contribution of two emission mechanisms in Figs. 1(c) and 1(d): Cross sections shown in Fig. 3(a) indicate that at all angles the spectra are well described as a superposition of an exponential decay (e ÀðEÀE 0 Þ=ÁE ) representing MPI and ATI electrons and a plateaulike section at the higher energies reflecting strongly accelerated subcycle electrons, which can be approximated by a Gaussian distribution. Both at low and high pulse energies, the decay energy ÁE is independent of the emission angle, indicating that the laser field hardly affects the directionality of MPI electrons, resulting in a broad emission cone angle exceeding 30 [17] . The angle dependence of the residual Gaussian contribution is depicted in Figs. 3(b) and 3(c) . At low pulse energy, we observe negligible angle variation [ Fig. 3(d) ]. Apparently, the kinetic energy gained during the acceleration process is not yet sufficient to markedly alter the path of the electrons.
In contrast, spectra acquired at a higher pulse energy of 1.2 nJ [ Fig. 3(c) ] display a distinct dependence of both maxima and high energy cutoff of the energy distribution on the emission angle. A maximum high energy cutoff is seen for an emission angle of À8 , possibly reflecting a slight tilt of the tip with respect to the spectrometer. The maximum of the kinetic energy decreases both towards larger and smaller angles by about 0.4 eV/degree. Clearly, the emission cone angle is substantially reduced for the fastest electrons down to $12 at E kin ¼ 75 eV [ Fig. 3(e) ], as compared to a cone angle of >30 for the quiver electrons [17] .
These findings are reasonably well understood in terms of the two-dimensional Simpleman model introduced above. Figure 4 (a) depicts snapshots of two representative electron trajectories in the subcycle regime (' ¼ À=2, E kin ¼ 25 eV, red line) and in the quiver regime (' ¼ 0:18, E kin ¼ 3:5 eV, blue line), respectively, generated 0.5 nm off the tip center with 1:5 m laser wavelength and fE 0 ¼ 28:0 V=nm. Initially, both electrons are accelerated along the direction of the field lines at the tip surface (Át ¼ 2:3 fs). The subcycle electrons are accelerated out of the strong near field during the first half-cycle, such that their ponderomotive energy is gained during this initial half-cycle acceleration period and hence their trajectories are only weakly affected by subsequent laser field oscillations. The quiver electrons, however, cannot escape from the near-field region within such a short time. They experience a strong back acceleration within the second half-cycle and undergo a complicated quiver motion, potentially recolliding with the tip surface. Local magnetic fields are weak and play only a minor role for the electron motion. The pronounced field guiding effect is illustrated in Fig. 4(b) by plotting the terminal emission angle 1 ¼ ðt ! 1Þ as a function of emission phase for the same emission spot as Fig. 4(a) . While the fastest subcycle electrons (' < À0:25) are ejected along the surface normal ( ¼ 15 ), the arrival angle increases greatly to 1 > 30 for quiver electrons (' > 0:12). A simulated angle-resolved kinetic energy spectrum obtained by integrating over a range of emission sites [ Fig. 4(c) ] shows the same qualitative behavior as the experimental measurements [compare Fig. 1(d) ]. The simulations indicate that for short, near-ir wavelengths, strong-field steering of electrons occurs in the vicinity of nanostructures with large local field enhancement and steep field gradients. For longer wavelength and correspondingly larger quiver amplitude, similar phenomena are also anticipated in geometrically less confined nanostructures.
In conclusion, we have reported the first angledependent kinetic energy spectra of strong-field accelerated electrons photoemitted from sharp, nanometer-sized gold tips, observing a distinct narrowing of the emission cone angle of the fastest electrons. Our results, qualitatively described by a modified two-dimensional semiclassical model for the electron generation and acceleration, suggest that the strong electric field gradients in the vicinity of such metallic nano-objects not only define the kinetic energy but also the direction of the electron movement, allowing for guiding electrons along optical field line 
